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Abstract: Recent results from direct detection experiments such as LUX, PANDAX-
II and XENON100 have imposed severe constraints on the multi-GeV mass window in
various dark matter (DM) models. However, many of these experiments are not sensitive
to MeV scale DM as the corresponding recoil energies are, largely, lower than the detector
thresholds. Re-examining the light scalar DM in a model-independent approach, we find
that while the parameter space can be constrained using cosmological and astrophysical
observations, a significantly large fraction is still viable. We further demonstrate that the
remaining parameter space lends itself to the possibility of discovery at both direct detection
experiments (such as CRESST-II) as well as in a low-energy collider such as Belle-II.
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1 Introduction
The last half a century has witnessed the accumulation of overwhelming evidence for grav-
itational interactions between visible (and stable) particles and non-luminous matter on a
multitude of scales, from the galactic to the cosmological. Starting with rotation curves in
spiral galaxies [1], gravitational lensing measurments [2, 3], recent observations of cluster
collisions (Bullet Cluster) [4], a temperature anistropy in the spectrum of Cosmic Microwave
Background Radiation [5–7], there are a large variety of observations for which the Dark
Matter (DM) hypothesis provides the most compelling explanation.
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However, all these observations are indirect and, thus, it is difficult to ascertain whether
it is a particulate DM that underlies these anomalies or whether the latter are but man-
ifestations of our lack of understanding of gravity at different cosmological scales. These
issues have, rightly, been questioned and several alternates to standard gravity have been
proposed [8, 9]. On the other hand, it should be noted that even if such modifications of
gravity do exist, theories incorporating these will not be necessarily unrelated from a model
involving particles as DM [10].
Despite the lack of direct evidence (i.e., one achieved under controlled conditions),
it is the notion of particle DM that has seen the most development. The reasons are
twofold. For one, the experimental discovery of particle DM is more viable in comparison
to the verification of modified gravity models. Moreover, DM candidates arise naturally
in a host of particle physics models that are motivated primarily to address other issues
that are unanswered by the Standard Model (SM). To substantiate such models, a variety
of experiments have been proposed, with many being already under operation (or even
having outlived their use). In principle, this could be done in three ways: a) Satellite based
indirect detection experiments like Fermi-LAT [11], PAMELA [12], AMS [13], depend on the
annihilation of a pair of DM particles into SM particles which can produce rare antimatter
cosmic rays (positrons, anti-protons or antideuterons), neutrinos, monochromatic photons
or continuous γ-ray spectrum. Although there, occasionally, have been claims of anomalies
in the data, unfortunately the experiments have failed to validate each other’s putative
positive sightings, resulting in further constraints. b) Direct detection experiments that,
typically, identify the nuclear recoils produced by the scattering between DM and the
detector’s (target) nuclei. c) Collider searches based on the production of DM look for the
excesses (over the SM expectations) in final states with large missing momentum. (Note,
though, that collider experiments are indicative at best, for these can only verify the stability
of the putative DM candidate over detector dimensions, not over cosmological timescales.)
Taking cue from recent null results in the LUX [14], PandaX-II [15] and XENON100 [16]
experiments for mDM > 6 GeV, we concentrate, here, on MeV scale DM(mDM <∼ 3GeV).
Light DM can easily evade many of these direct and indirect detection experiments because
of the low momentum transfer (lower than the threshold)1, and, consequently, the lack of
signals in this range has motivated discussions of a DM with a particularly low mass [17].
Similarly, to explain perceived anomalies in the 511 keV γ-rays observed by INTEGRAL,
the cosmic γ-ray background at 1-20 MeV and the details of large scale structure, quite a
few models [18–21] with a light DM were invoked. Again, WIMPless DM also accomodates
DM masses in the MeV scale [22]. These models emerge naturally from gauge-mediated
supersymmetry breaking where DM naturally satisfies the current relic density without its
mass and interaction being restricted to the weak scale.
All of the above mentioned models are well motivated but lack experimental support.
Morever, in case the DM particle is the only new particle (in the dark sector) within the
1However, if the DM family has light as well as heavy DM, then it can be detected in (direct) detections
as in the case of boosted DM. In this case, DM can be energetic if heavy DM decays into the lighter one.
Such DM candidates are not included in our analysis, as the details of the particular model are paramount
in such scenarios, whereas we attempt only a model-independent analysis.
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reach of a particular experiment while other new species are much heavier, it will be very
difficult to distinguish the underlying theories. Therefore, model-independent studies of the
DM are powerful as they proffer a way ahead without being constrained to a very specific
scenraio.
The purpose of this article is to study the parameter space for MeV scale DM in a model-
independent way. We first construct effective operators describing interactions between a
scalar DM particle and the (visible) SM sector. The constraints on these, as obtained from
DM relic abundance, CMB and the counting of relativistic degrees of freedom are then
analysed. In addition, we present a new phenomenological study of effective operators by
investigating the reach of the Belle-II, a low energy e− e+ collider, with e−e+ → φφ∗γ being
the sensitive mode. Finally, we discuss the sensitivity of the direct detection experiments
and conclude with a comparison of the bounds on the parameter space of a MeV-scale DM.
2 Higher Dimension operators
The interaction of the dark matter with the SM sector is completely unknown barring, of
course, the gravitational one. All that we know is that the DM does not interact either
strongly or electromagnetically2 . On the other hand, if the DM does not interact at all
with the SM particles (except gravitationally), then there would, essentially, be no way
to directly confirm their existence. More importantly, with the DM particles having been
produced profusely during the post-inflation reheating phase and shortly thereafter, without
such interactions, the relic density today would be too large, thereby more than overclosing
the universe, an eventuality that can be avoided only by tuning the initial conditions.
The interaction that, thus, must be posited could be in the form of a detailed and
ultraviolet-complete model (such as that in the minimum supersymmetric standard model)
or in the shape of an effective field theory. It is the latter approach that we adopt here,
choosing to profess an ignorance of the underlying theory (the UV-completion). In other
words, we would augment the SM with the DM particle and posit that the latter inter-
acts with the known particles through certain higher-dimensional operators (without any
explicit mediator being considered). With the typical energy scale of the processes under
consideration being much smaller than the dominant mass scale of the theory, such an
approach is irreproachable.
Our assumption, thus, is that the only new relevant field is the scalar3, with all other
new species being too heavy to be relevant in the contexts of both terrestrial experi-
ments/observations as well as the cosmological evolution of the relic density. Since we
are interested in a DM with a mass of at most a few GeVs, the only relevant SM states are
the photon and the gluon, the leptons (including neutrinos) and the quarks of the first two
generations. The bottom-quark is, at best, only marginally relevant. Consequently, we con-
sider operators including this limited set of particles alone. Furthermore, to be consistent
with low-energy constraints, we do not admit flavour changing operators.
2While models have been proposed wherein the DM does have a very tiny charge, these tend to be
baroque, and do not fit within well-motivated scenarios going beyond the SM[23].
3The results are identical for a pseudoscalar DM.
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Assuming SU(3)⊗ U(1)em symmetry4, the operators for a complex scalar field5 are
Ofs = C
f
s
Λ
φ†φ f¯f
Ofp = C
f
p
Λ
φ†φ f¯γ5f
Ofv = C
f
v
Λ2
i (φ†∂µφ− ∂µφ†φ) f¯γµf
Ofa = C
f
a
Λ2
i (φ†∂µφ− ∂µφ†φ) f¯γµγ5f
Oγ = Cγ
Λ2
(φ†φ)FµνF
µν
Oγ˜ = Cγ˜
Λ2
(φ†φ)Fµν F˜
µν ,
(2.1)
where f is an arbitrary SM fermion and Λ is the scale of new physics. Note that we
could also write operators akin to Oγ and Oγ˜ , but for the gluons instead. As for the C’s
(the dimensionless Wilson coefficients corresponding to the various operators), we would
be normalizing these to either zero or unity (denoting the absence or presence of the said
operator). The results will, thus, depend on the mass of DM and the the scale Λ. Indeed,
with each operator presumably arising from a specific DM-SM interaction in a UV-complete
theory, the conclusions reached from an analysis such as ours can be easily rescaled to obtain
constraints on the parameters of the underlying theory.
3 Cosmological Constraints
The model independent framework developed in the preceding section allows us to constrain
the parameter space for any MeV-scale spin-0 Dark Matter candidate. Particular attention
needs to be paid to the constraints from the relic abundance, the cosmic microwave back-
ground and, on account of the lightness, that from the counting of relativistic degrees of
freedom. In this section, we review each, in turn.
3.1 Relic Abundance
We restrict our discussions to the context of DM that had, primarily, been produced ther-
mally and was in equilibrium with the SM sector. The relic abundance of non-thermal DM,
on the other hand, depends crucially on the conditions when it was produced. This, being
intricately tied to the specifics of the dynamics can only be addressed within the context
of a particular model, and, hence, does not fall under the ambit of a model-independent
analysis such as ours. Since the WIMPs are presumed to be produced thermally, the relic
abundance calculation[24, 25] can proceed as usual while taking care of some subtleties
owing to the small mass. For the WIMP to stay in thermal equilibrium, it needs to interact
4All but Ofs,p respect the full SM gauge symmetry. These two too can be altered trivially to respect the
full symmetry, albeit at the cost of introducing an extra factor of HSM/Λ, where HSM is the SM Higgs field.
5It should be noted here that analogous results can be achieved for a real scalar as well.
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with the SM sector, with the strength(s) being sufficiently large to beat the expansion rate
of the universe.
During its evolution, the (stable) spin-0 particle φ (of mass mφ) was in thermal equi-
librium until a certain epoch. Similarly, the SM particles (barring, possibly, the neutrinos)
were also in thermal equilibrium with the photon gas. The latter determines the temper-
ature of the thermal soup, and this we shall denote by Tγ . The evolution of φ is given by
the Boltzmann equation, namely
dn
dt
+ 3H(t)n = −〈σv〉(n2 − n2eq) , (3.1)
where n is the number density of φ (neq being its equilibrium value), H is the Hubble
expansion rate and 〈σv〉 is the thermally averaged cross-section for DM annihilation.
Before attempting a general solution of eq.(3.1), let us consider some general properties.
For any massive particle, the number density at equilibrium depends on the ratio of its mass
and the temperature of the plasma, x ≡ T/mφ. For a stable particle that is relativistic yet
at equilibrium (x≫ 1), the annihilation processes as well as pair production are proceeding
at comparable rates. The consequent equilibrium density is given by n = 3ζ(3)gφT
3/(4π2)
where gφ denotes its degrees of freedom. On the other hand, if it is nonrelativistic, i.e., its
mass is much larger than the ambient energy (x≪ 1), the plasma does not have sufficient
energy to drive pair production; yet, the pair annihilation proceeds. Consequently, its
equilibrium abundance falls exponentially as the temperature drops below the mass of the
particle, yielding n = gφ(mφT/(2π))
3/2e(−mφ/T ).
Applying the above to the WIMP, in the immediate aftermath of its production, it
would have been in equilibrium due to the balance between its interactions with the SM
particles as its interactions with this sector were strong enough to beat the expansion rate.
If it continues to be in equilibrium, then as the universe cools to T ≪ mφ, the WIMP would
become nonrelativistic and its abundance today would have been negligible. However the
very structure of its interactions (essentially the higher-dimensional nature of the couplings),
stipulates that it must fall out of equilibrium for T ≪ Λ. Naively, it might seem that this
would have occurred when the WIMP was still ultrarelativistic, sincemφ ≪ Λ. On the other
hand, N-body simulations[6] for structure formation requires the DM to be non-relativistic6.
In other words, φ should decouple from the thermal soup only when it had become non-
relativistic in the radiation dominated era. This could happen if, thanks to the exponential
suppression of neq, the WIMPs became so rare that the interaction rate fell below the
expansion rate. No longer affected by interactions, these fall out of equilibrium with the
abundance freezing out, (i.e, their number in a comoving volume becomes constant).
The freeze-out temperature Tf , namely that at the epoch when the DM number density
freezes out, can be determined in terms of the mass and the interaction strengths, as we
discuss now. In the radiation-dominated regime, it is useful to express the total energy
6In this scenario, DM perturbations grew in the matter dominated era forming a gravitational well.
(This could not have been initiated by ordinary matter as it could not have clustered due to the radiation
pressure.) Ordinary matter could now fall into this well, thereby allowing an early start of the structure
formation and formation of the fine structure in universe.
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density in terms of the photon energy density thereby defining gρ, the effective number of
degrees of freedom associated with total energy density, namely
gρ =
∑
bosons
gbosons
(
Tbosons
Tγ
)4
+
7
8
∑
fermions
gfermions
(
Tfermions
Tγ
)4
.
In addition to this, the entropy(S) in a comoving volume (S = sa3) is a conserved quantity
which enables us to define the number density in terms of the “Yield” Y = n/s and also,
analogously, introduce gs, the number of effective degrees of freedom associated with the
entropy:
gs =
∑
bosons
gbosons
(
Tbosons
Tγ
)3
+
7
8
∑
fermions
gfermions
(
Tfermions
Tγ
)3
.
With the density of a nonrelativistic species falling faster, gρ and gs differ noticably
only when there are relativistic particles present that are not in equilibrium with photons.
Within the SM, this occurs for neutrinos. Similarly, formφ <∼ 6MeV, the DM will contribute
to relativistic degrees of freedom and, thence, entropy. For such light DM, the explanation
of the relic abundance by way of the DM having reached thermal equilibrium with the
SM sector is excluded by current observations which we discuss in the next subsection.
Although there are models which use a different line of approach [26, 27], we shall desist
from doing so, and will no longer consider this range. Therefore, we can safely assume
gρ ≃ gs in our analysis.
Entropy conservation also implies a(t)T = constant (here, a(t) is the scale factor of the
universe) and, hence, dT/dt = −H(t)T . Effecting a change of variables, T → x ≡ mφ/T ,
we, then, have the famous Boltzmann equation, viz.
dY
dx
=
m3φ 〈σ v〉
H(mφ)x2
(
Y 2eq − Y 2
)
, (3.2)
where H(mφ) is the Hubble expansion rate (in the radiation dominated universe) calculated
at the epoch when the temperature equals mφ and is given by
7
H(T = mφ) =
√
4π3Ggρ
45
m2φ .
A caveat needs to be entered here. A key ingredient in reaching eq.(3.2) is the assump-
tion that entropy is conserved throughout the era of interest. However, this statement may
not necessarily be true for MeV-range dark matter, especially if 500MeV ≤ mφ ≤ 1GeV
(see Fig. 2). The freeze out temperature (equivalently, xf ≡ mφ/Tf ) for this range may
lie around the QCD phase transition8. Consequently, the entropy may not be conserved at
this epoch9. However, as the entropy is overwhelmilngly determined by the contributions
7In the radiation dominated universe, the scale factor a(t) goes as t1/2, while the temperature-time
relation is given by t2 T 4 = 45/8pi3G. Together, this gives H(T ).
8See Sec.3.2 for a derivation of xf .
9It has been suggested [28], though, that the QCD transition in the early universe is not a real phase
transition but an analytic cross-over.
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from relativistic particles such as e±, γ and ν’s, this small possible nonconservation can be
neglected altogether.
To obtain the present density of DM particles, we need to solve eq.(3.2) in terms of
the final freeze out abundance Y∞ (at x = ∞). While this, unfortunately, can be done
only numerically, it is instructive to consider an approximate analytic solution. Before
freeze-out, Yφ was close to its equilibrium value, Yeq
Yeq =
45
2π4
√
π
8
gφ
gρ
x3/2 e−x
which is exponentially suppressed10. Integrating eq.(3.2) from the freeze out temperature
xf until very late times (x =∞), we get
Y∞ ≃ xf H(mφ)/m3φ〈σv〉 .
With the energy density for the now non-relativistic DM, being given by ρφ = mφ nφ,
post freeze-out, it simply falls as a−3. Denoting the freeze-out epoch (i.e., when Y has
reached the asymptotic value Y∞) by the temperature Tf and the scale factor af , with the
corresponding quantities today being given by T0 and a0 respectively, we have n(af , Tf ) =
Y∞ T
3
f , and, today,
ρφ = mφY∞T
3
0
(
afTf
a0T0
)3
.
Simultaneously, the number of effective degrees of freedom changes from gρ(xf ) at the freeze
out epoch to g0 = 3.36 operative today, and g0 a0 T
3
0 = gρ(xf ) af T
3
f . It is customary to
parametrize ρφ ≡ Ωφh2 ρc, where ρc = 1.05375 × 10−5 h2
(
GeV/c2
)
cm−3 is the critical
density of the universe with the Hubble constant today being expressed as H0 = h ×
100 km s−1Mpc−1. We have, then,
Ωφh
2 =
√
4π3Ggρ(xf )
45
xf T
3
0 g0
ρc 〈σ v〉 gρ(xf ) . (3.3)
Both the WMAP [29] and the Planck [7] satellite observations determine the relic
density very well, with the latter suggesting ΩDMh
2 = 0.1199 ± 0.0022. Clearly, we must
have Ωφ ≤ ΩDM . This can be translated to constraints on the parameter space available to
the theory. As the interaction between the DM and the SM sector increases, so does 〈σ v〉,
and, as a consequence, the relic abundance of DM today decreases (see eq. 3.3). While we
present a calculation of 〈σv〉 in the following subsection, some features are obvious. The
dimension-5 operators in eq..(2.1) would lead to σ ∝ Λ−2, the dimension-6 operators result
in, for nonrelativistic particles, in σ ∝ m2φ Λ−4. Consequently, for the second set, a given
value of Ωφh
2 would require mφ to increase nearly quadratically with Λ. On the other hand,
for the first set, the “right value” of mφ should have only a weak dependence on Λ.
10Although, after freeze out, the abundance is larger than what its equilibrium value would have been,
this approximation of Y ≈ Y freeze−outeq is an excellent one, especially for understanding the structure of the
solution.
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To delineate the exact parameter space (as opposed to basing our conclusions on ana-
lytic results obtained from an approximations as we have been making so far), we implement
these additional operators in micrOMEGAs 4.1[30] using FeynRules[31]. To best understand
the consequences, we only incorporate a single operator structure (of eq. 2.1) at a time.
For the operators involving a fermionic current, we consider two different cases, namely (a)
one wherein all the SM fermions participate equally11, i.e., all the Cf s of a given class are
unity and (b) the leptophilic case, namely where only the leptons participate (and equally)
while the quarks do not. In Fig.1, we depict the contours in the mφ–Λ plane corresponding
to Ωφh
2 = 0.1199. In each case, the area below the curves would correspond to a larger
annihilation cross-section (thanks to a smaller Λ) and, hence, a DM relic density smaller
than what the Planck collaboration measures. In other words, this is the parameter space
that is observationally allowed (with the remainder ostensibly being contributed by some
other source). Note that, for the dimension-6 operators (right panel of Fig.1), the relation
between mφ and Λ is nearly quadratic, as expected. On the other hand, for the dimension-
5 operators (left panel of Fig.1), Λ increases much slower with mφ. Understandably, the
dimension-5 operators are sensitive to much larger values of Λ.
Expectedly, for the leptophilic DM, the value of Λ for a given mφ is much lower than
the case of the democratic coupling. This is but a reflection of the fact that, now, fewer
final states are available to the DM annihilation process. And, finally, the dependence on
the chirality structure is rather minimal, a reflection of the fact that the fermion masses in
the problem are quite small.
The corresponding constraints for a real scalar can be divined from those discussed
above by realizing that a complex scalar can be expressed as φc = (φ1+ i φ2)/
√
2. In other
words, the relic density of the complex field may be expressed in terms of the those for
the real fields as Ω = Ω1 + Ω2. For identically parametrized effective Lagrangians, the
vertices for the real scalar theory would have an extra factor of 2 (as compared to those
for the complex field). On the other hand, one must account for identical fields in the final
state when a pair of DM particles is being produced as a result of SM-pair annihilation.
The consequent change in Tf is, however, only a minor one (at the level of 10% or lower)
and has little bearing on the relic abundance calculation. Now, Ω ∝ 〈σ v〉−1 ∼ Λn, where
n = 2 (4) for dimension-5 (dimension-6) operators. The aforementioned factor of 2 in the
vertex, along with a factor of half in the thermal average (owing to identical particles in the
initial state), thus, implies that the constraint on Λrealφ would be, approximately, a factor
of 23/2 (23/4) stronger than those derived above for dimension-5 (dimension-6) operators.
This is borne out by explicit calculations.
3.2 Effective relativistic degrees of freedom
The energy injection from DM annihilation in the early universe can also alter the effective
number of relativistic degrees of freedom Neff . Indeed MeV-scale DM is especially con-
strained by these observations. If the DM freezes out after the neutrinos have decoupled
(at T = T decoupν ), its annihilation will result in heating the e−–γ plasma relative to the
11Clearly, given the mass range of the scalar, the third-generation quarks play little or no role.
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Figure 1: Contours in the mφ−Λ plane for (a) the dimension-5 operators in eq.(2.1) and (b) the
dimension-6 operators in eq.(2.1), satisfying ΩDMh
2 = 0.1199±0.0022. The error bars are subsumed
in the thickness of the curves. Only one of the new physics operator structures is deemed eﬀective.
For the fermionic operators, all the SM fermions (leptons) participate equally—with Cfα = 1— in
the general (leptophilic) case.
neutrinos, thereby reducing the ratio of the neutrino and photon temperatures (Tν/Tγ).
This results in reduction of Neff as Neff ∝ (Tν/Tγ)4. From standard cosmology results,
Neff = 3.046 [7], and only small deviations from this value is allowed.
To find the expression for Tf (equivalently, xf ), we can approximate 〈σ v〉 ∼ σ0(1+b/xf )
(partial wave expansion of the cross section). On equating the interaction rate (Γ(xf )) with
the expansion rate (H(xf )), we get
x−1f = K e
−xf (1 + b x−1f ) where K = 0.038 gφ g
1/2
ρ mφMpl σ0 . (3.4)
Assuming that Y ≈ Y freeze−outeq (or that nφ(Tf ) is equal to nφ today i.e., at T0 = 2.73 K),
we can solve this iteratively. For example, at the first iteration, the solution reads
xf = lnK + ln(lnK) + ln
(
1 +
b
lnK
)
+ . . . . (3.5)
This implies that xf depends, mainly, onmφ, gφ and σ0. For a given particle, the magnitude
of σ0 is similar for all the operators under consideration, provided the respective Wilson
coefficients are similar.
In Fig.2, we illustrate the decoupling temperature as a function of mφ for the Ofs
operator of different fields. With σ0 being similar in magnitude for a given field, the
value of xf would be very similar for the other operators too. As the figure shows, for
mφ > 20MeV, we have Tf >2.5 MeV. In other words, the scalar WIMP decouples prior
to neutrino decoupling (T decoupν = 2 MeV). Consequently, on annihilation, it heats the
neutrinos along with the photons and electrons, preserving the standard result of Neff ≈
3.046.
– 9 –
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Figure 2: xf − mφ curve satisfying ΩDMh2 = 0.1199 ± 0.0022 for the scalar operator. For a
particular scalar ﬁeld, the curves of xf −mφ for the other operators are almost indistinguishable
from that shown here.
The situation seemingly gets complicated for mφ ∈ [6, 20] MeV, when Tf ≈ T decoupν .
However, note that the bulk of the entropy transfer due to DM annihilation still occurs at
T ∼ mφ/3, i.e., prior to ν−decoupling, and, hence, the model is safe from such constraints.
Thus, for a complex scalar field φ, it is the mφ <6 MeV range which is constrained by
Neff . Similarly, for a real scalar, the limit is 3 MeV. These results, are in consonance with
those in Ref.[32]. However, it should be reiterated that this is operative only in (standard)
scenarios wherein the DM is presumed to have been produced thermally and having been
in thermal equilibrium with the SM particles12, for a long enough phase with its abundance
being defined thereby. For non-thermal DM, the couplings to neutrinos and/or photons
will have to be tuned such that model satisfies above constraints.
3.3 CMB observations and Indirect Detection
The Cosmic Microwave Background Radiation encodes information about the thermal his-
tory of the early universe, and is well described by SM physics. On the other hand DM
annihilation, at early times, into high energy photons or charged particles can not only heat
the gas, but can also lead to atomic excitation of the gas, or even ionization of the same.
This increase in the amount of the ionized fraction causes an increase in the width of the
last scattering surface, thereby affecting the power spectrum of the CMB [34, 35].
The energy injected by DM annihilation into the CMBR depends on its number density
nφ at that epoch, the rate of its annihilation into (charged) SM particles and the nature
of the cascade of particles produced after annihilation. Due to this cascading, not the
entire energy is transferred to the CMB (or the plasma in equilibrium with it) but only a
fraction. To calculate the amount of the energy transferred, one needs to track the evolution
of the hydrogen and helium ion fraction, the spectrum of e± and photons at that epoch.
With this being temperature and, hence, redshift dependent, we are faced with a redshift
dependent efficiency function f(z) that describes the fraction of the energy absorbed by
12If light DM enters thermal equilibrium with the SM after neutrino-photon decoupling, then the con-
straints from measurements of Neff are significantly relaxed[33].
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the CMB plasma. It has been argued [36], though, that the effect of f(z) can be well-
approximated by an effective, but redshift independent, efficiency function feff . Indeed,
Ref.[37] demonstrated that, given a set of f(z) functions for a WIMP, the impact, of an
appropriately chosen feff , on the CMB is identical at the sub-percent level. This is the
simplication that we shall adopt.
The rate of energy deposited in to the CMB by DM pair annihilation per unit time per
unit volume is given by:
dE
dt dV
= ρ2c Ω
2
φ (1 + z)
6 Pann(z) ,
where z is the redshift of the epoch, and ρc(Ωφ) is the critical density of the universe (DM
relic abundance) today, i.e., at z = 0. The factor (1 + z)6 just encapsulates the standard
evolution of the dark matter number density (note that the annihilation rate is proportional
to n2φ). CMB observations[7] constrain Pann < 4.1× 10−28cm3s−1GeV−1. To translate this
into the allowed region in the mφ −Λ plane, we need f(z) (or, equivalently, feff) and 〈σv〉.
Here, v is the relative velocity of the second DM particle in the rest frame of the first. For
a complex scalar field, the thermal average of the annihilation cross sections for different
operators are given by
〈σv〉
O
f
s
≃ 1
4πΛ2
∑
f
√√√√1− m2f
m2φ
[(
1− m
2
f
m2φ
)
+
1
8
(
−2 + 5m
2
f
m2φ
)〈
v2
〉]
(3.6)
〈σv〉
O
f
p
≃ 1
4πΛ2
∑
f
√√√√1− m2f
m2φ
(
2 +
−2 + 3(m2f/m2φ)
8(1− (m2f/m2φ))
〈
v2
〉)
, (3.7)
〈σv〉
O
f
v
≃ 1
12πΛ4
∑
f
√√√√1− m2f
m2φ
m2φ
(
2 +
m2f
m2φ
)〈
v2
〉
, (3.8)
〈σv〉
O
f
a
≃ 1
6πΛ4
∑
f
(
1− m
2
f
m2φ
)3/2
m2φ
〈
v2
〉
, (3.9)
〈σv〉Oγ,γ˜ ≃
2
πΛ4
m2φ
[
1−
(
9
16
〈
v4
〉)]
. (3.10)
For a real scalar field, similar expressions hold, but with an extra factor of 4. As derived
in appendix A, we have
〈
v2
〉
= 6 T/mφ and
〈
v4
〉
= 60T 2/m2φ.
The dependence of 〈σv〉 on 〈vn〉 is easy to understand in terms of the angular momenta,
especially if the DM-pair is viewed as a composite pseudoparticle (with some angular mo-
mentum) decaying into a SM-pair. For Ofs and Ofp , the amplitude has both s-wave and
p-wave components, whereas for Ofv and Ofa , no s-wave component can exist on account of
the inherent angular momentum of the initial state. Similarly, for Oγ and Oγ˜ , no p-wave
component may exist as it would require the diphoton state to exist in an antisymmetric
state.
With the DM being nonrelativistic, the CMB constraints for p-wave annihilation are
weaker compared to those for the cases driven by s-wave DM annihilation. For pure s-
wave annihilation, 〈σv〉 is independent of velocity and hence Pann is a redshift-independent
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parameter. For vector couplings, on the other hand, we need to estimate the velocity of
DM at the epoch where these interactions are significant. To this end, we consider the
epoch of kinetic decoupling. When the Hubble rate equates the rate of scattering, the dark
matter can no longer reach kinetic equilibrium with the plasma through a high momentum
exchange rate; the WIMPs kinetically decouple from the plasma and attain free-streaming.
This allows us to write
P p-waveann = feff
〈σv〉CMB
mφ
and use 〈
v2
〉
CMB
=
〈
v2
〉
kd
(1 + zCMB)
2
(1 + zkd)2
=
〈
v2
〉
kd
TCMB
Tkd
to calculate 〈σv〉CMB. As the DM was, hitherto, in kinetic equilibrium with the plasma,〈
v2
〉
kd
=
√
6Tkd/mφ. A conservative estimate gives
13 xkd = Tkd/mφ = 10
−4. Using
zCMB ∼ 1100, we may estimate TCMB = Ttoday(1 + zCMB). As for the effective efficiency
factor feff , it depends upon the details of the model (in our case, the relative sizes of the
Wilson coefficients), and rather than calculate it explicitly we allow it to vary within the
range 0.4 < feff < 1 which is commensurate that advocated in Ref.[38]. As we shall see
later, our results are not going to be very sensitive to the exact choice.
In Fig. 3, we depict the value of 〈σv〉, as a function of mφ for the respective operators
of eq.(2.1). In each case, Λ is chosen to be the maximum allowed for by the measurement of
the relic density, viz. the condition Ωφ ≤ ΩDM . Thus, it is the area above a curve that is
allowed. Also depicted, in solid blue, is the curve corresponding to the aforementioned CMB
observation viz. Pann < 4.1× 10−28cm3s−1GeV−1. The top (bottom) curves correspond to
feff = 0.4 (1) respectively. Clearly, it is the area below these curves that is allowed. For the
fermionic operators, we have, thus, a seeming disagreement between the two sets of obser-
vations, at least for smaller values of mφ. However, before we entirely discard such a mass
range, it should be borne in mind that the said disagreement depends not only upon our
understanding of the early universe being perfect, but also on several key assumptions. For
example, consider the case of the non-thermal DM, where the annihilation cross sections are
very small and the final relic abundance is completely determined by its initial abundance
which, in turn, depends on the model at hand. For such small cross sections, these limits
can be evaded easily. For scenarios that fall somewhere in between the non-thermal and
rigorously thermal DM, the constraints would need to be scaled appropriately.
4 Collider Signatures
In this section, we explore the sensitivity of the low-energy e−e+ collider Belle-II to such
a DM candidate. The relatively low center-of-mass energy, alongwith the high luminosi-
ties available (5–50 ab−1) in this experiment, renders Belle-II a very attractive theatre for
the search of such light DM particles. It is instructive to examine this contention carefully.
Purely on dimensional grounds, a typical cross section of interest driven by either of the first
13The exact value for different operators vary from 10−4 to 10−6, as can be estimated by equating the
rate for elastic scattering (DM and SM) to the expansion rate, i.e., nrel Γelastic ∼ H(Td).
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Figure 3: The yellow band depicts CMB constraint i.e, Pann < 4.1 × 10−28cm3s−1GeV−1 for
feff 0.4-1 a) for complex scalar b) for real scalar.
two operators in eq.(2.1) would scale as Λ−2 ln(s/m2e) where
√
s is the center-of-mass energy.
Similarly, those driven by the operators in eq.(2.1) would scale as sΛ−4 ln(s/m2e). On the
other hand, the various components of the SM background typically fall as s−1 ln(s/m2e) or
even faster. Naively, thus, a larger center-of-mass energy would increase the signal to back-
ground ratio. This is more than offset, though, by the nature of the signal and background.
With the DM being stable and largely noninteracting, the signal final state would comprise
of a visible particle accompanied by missing energy-momentum. The latter, within the SM,
accrues primarily from neutrino-production (apart from the subdominant experimental ef-
fect of having missed visible particles). The corresponding rates fall dramatically as
√
s
falls well below MZ . This is what renders an experiment such as Belle a very interesting
arena for the search of light DM candidates.
While, at a given collider, the DM particle can be produced in many different processes,
only a few of them are, potentially, of interest. With the DM particle being produced only
in pairs, there must be at least one visible particle in the final state for the event to be
triggered. The simplest of such processes is where a single photon is emitted alongwith the
pair of DM particles, viz.
e+e− → φ∗ + φ+ γ , (4.1)
leading to an observable final state comprising of a monophoton with missing energy-
momentum. An obvious background to this is given by
e+e− →
∑
i
νiν¯i + γ . (4.2)
In addition, final states where one has missed a putative visible particle can also contribute.
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The leading such processes are
e+e− → /γ + γ with one photon missing,
e+e− → /γ + /γ + γ, where two of the photons are missing,
e+e− → /e+ /e− + γ, where the leptons are missing.
(4.3)
In the above “missing” implies that at least one of three conditions hold, namely (a) the
energy of the said particle is below the threshold energy of the detector; (b) it travels along
a path lying outside the angular coverage of the detector or (c) it is too close to another
particle to be resolved, as a separate entity, by the detector. Given the simple final state
we are looking for, the third possibility is very rare indeed. Similarly, final states such as
f f¯γ, where f 6= e is an arbitrary charged fermion, are subdominant, as we have checked
explicitly.
The processes are simple enough for the cross sections to be calculated analytically and
a parton level Monte Carlo effected. Indeed, we do so to countercheck the simulations done
with MadGraph5 [39] which is straightforward for the SM backgrounds, and, for the signal
strength, done in association with an implementation of FeynRules [31]. To account for the
initial (final) state radiations, we employ PYTHIA6 [40].
The Belle-II acceptance requirements for electrons and photons are given by [41]
• pTγ ≥ 0.02 GeV ,
• Eℓ,γ ≥ 0.02 GeV, where ℓ is lepton,
• |ηl,γ | ≤ 5.0 ,
The rapidity coverage above is, admittedly, much larger than that at Belle-II, but has been
used here for illustrative purposes. In estimating the measured energy from the simulated
one, we need to incorporate the resolution of the electromagnetic calorimeter, and this is
given by [41]
σE
E
=
0.066%√
E˜
⊕ 0.81%
E˜1/4
⊕ 1.34% , E˜ ≡ E
1GeV
, (4.4)
where the three contributions have to be added in quadrature. The errors due to the finite
angular resolution are too small to be of any consequence.
Before we discuss the selection cuts to be imposed, let us examine the phase space
distribution (for signal and background) of the leading photon in the final state. In Fig.4,
we display the normalized single-differentials.
4.1 pT distributions
The background processes are dominated by amplitudes where the photon leg are associated
with soft and collinear singularities. Similar is the case for the signal processes correspond-
ing to the fermionic operators in eq.(2.1). Thus, the event-distributions for all these cases
would be dominated by final-state configurations with low-pT photons. For the last two
operators in eq.(2.1), though, the DM particles come off the photon and, hence, the latter
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Figure 4: Normalized 1-D differential distribution of kinematic observables pTγ, Eγ , θγ for the
leading photon (highest pT ) corresponding to the various background processes. Also shown is the
signal process for the different operators, each corresponding to mφ =1 GeV and Λ =100 GeV.
must be imbued with a non-negligible pT . The consequent distribution is quite distinctive
and is given by
d2σ
dpTdm2φφ
=
αem
π2Λ4
pT
s
(
1− 4m
2
m2φφ
)1/2
[(
1− m
2
φφ
s
)2
− 2p2Ts
]
[(
1− m
2
φφ
s
)2
− 4p2Ts
]1/2
where m2φφ is the invariant mass for the (invisible) scalar-pair and is uniquely related to
Eγ . For s≫ 4m2, this can be trivially integrated to yield
σ−1
dσ
dpT
= 12
pT
s
√
1− 4p
2
T
s
.
This feature could, in principle, be used not only to enhance the signal-to-noise ratio,
but also, in the event of discovery, to distinguish between the fermionic and the photonic
operators.
4.2 Eγ distributions
4.2.1 e+e− → γ + γ
Unlike in the case of a symmetric collider, the photons are not monoenergetic. Rather, their
energy in the laboratory-fixed frame would be correlated with the scattering angle, with
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peaks coinciding with the energies of e∓ beams (viz., 7 GeV and 4 GeV). Nonetheless, one
could always boost the photon momentum back to the center-of-mass frame and reject the
event if it turns out to be close to Ecm =
√
s/2. Equivalently, consider the plane spanned by
the photon scattering angle θ∗ (in the C.M. frame) and its energy in the laboratory-frame,
Elab. Rather than imposing a rectangular cut in this plane, one could veto events lying
close to the what the SM profile would be. For this particular final state, this is given by
E2lab = E
2
cm
[
(1− β2)−1 (β + cos θ∗)2 + sin2 θ∗] , (4.5)
where β is the velocity of the center-of-mass with respect to the laboratory.
4.2.2 e+e− → γ + γ + γ
Expectedly, the differential cross sections for this process would peak when one of the pho-
tons is soft and/or collinear, whence the process would look similar to that in the preceding
case. In other words, the energy of the leading photon would peak close to 7 GeV, while that
of the next-leading one would peak close to 4 GeV. The third photon prefers to be soft with
a vanishingly small energy. In other words, this background too can be largely eliminated
by slightly modifying the cuts designed to eliminate the two-photon background. Similar
arguments also hold for e+e− → nγ (n > 3) processes as well. The latter, understandably
are even further suppressed.
4.2.3 e+e− → e+e− + γ
This is, of course, dominated by soft and/or collinear photon events. The cross section falls
rapidly with photon energy (pT ). Similar is the case with the angle between the photon
and the beam-pipe or its angular separation from the outgoing fermions.
4.2.4 e+e− →∑i νiν¯i + γ
In common with the preceding case, the cross section is peaked at small values (soft values)
and falls fast with Eγ . The distributions are very similar for the three species. This is
easy to understand, since at these energies, replacing the W/Z-mediation by a four-fermion
interaction is a very good approximation. In the exact limit, the distinction between the
s-channel (Z-mediation) and t-channel (W ) is obliterated, leaving behind only an overall
multiplicative factor.
4.2.5 The signal events
Understandably, the normalized profile for the signal (e+e− → φ∗φ+ γ) events would look
remarkably similar to that for the last-mentioned background, especially for very light DM.
With increasing mφ though, differences emerge, most notably for the photon-spectrum
endpoint.
We show the distributions only for Ofs , Ofv and Oγ as the ones for Ofp , Ofa and Oγ˜ are,
respectively, almost identical to those for the former operators. Note, in particular, that
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Figure 5: 99% Confidence Level contours on the mφ and Λ plane from the χ2 analyses with an
integrated luminosity of 1 ab−1 and 5 ab−1
with the spectra for Oγ,γ˜ being much harder than the rest, this feature can be utilised to
not only increase S/
√
B, but also to distinguish between the operators in the event of an
excess showing up.
4.3 Selection Cuts
The discussion above, reflected well by the panels of Fig. 4, suggest kinematic cuts that
would improve the signal to background ratio, thereby augmenting the sensitivity. However,
rather than imposing complicated selection cuts, such as that suggested by eq.(4.5), we use
simple ones, choosing, instead to bolster the sensitivity by comparing the event shapes. To
this end, we demand that:
• Cut1: An event should contain one and only one photon satisfying
pTγ ≥ 2.5GeV , Eγ < 7.0GeV , 12.4◦ ≤ θγ ≤ 155.1◦ (4.6)
• Cut2: There should be no second visible object with an energy greater than 20 MeV
and lying in the angular region 12.4◦ ≤ θ ≤ 155.1◦.
Note that if particles fall outside the fiducial coverage of the detector listed above or if
they have too little energy, they would be missed altogether, and all such events would
count towards the background. We have included these as well (including those emanating
from muon-, tau- and quark-production), with the backgrounds shown in Fig. 4 being only
the leading ones. Indeed the twin selection cuts, together, remove almost all but the ν¯νγ
background.
4.4 The analysis
As we said above, rather than just impose cuts and count the total event numbers (i.e.,
S/
√
B), we aim to compare the differential distributions as this is expected to increase
sensitivity. To this end, we effect a χ2-test, with the statistic defined as
χ2 =
∑
i=1
(
NNPi
)2
N toti + δ
2
sys (N
tot
i )
2 . (4.7)
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Here, i denotes a particular bin with NNPi (N
tot
i ) being the number of signal events (total
number of events) in the bin. δsys is a measure of the total systematic errors, and, to be
conservative, we assume it to be as large as δsys = 2%.
With there being but a single visible particle, only two independent kinematic variables
are available to us (any two of Eγ , pTγ and θγ , or any two combinations thereof). The sen-
sitivity is, thus, expected to be maiximized if we consider double differential distributions.
However, we choose to be conservative and use only a single-differential distribution. Of
the three variables mentioned, Eγ turns out to be the most suitable and we use it, divid-
ing the range 2.5GeV ≤ Eγ ≤ 7GeV into 45 equal-sized bins14. With the SuperKEKB
slated to deliver a peak luminosity of ∼ 8× 1035 cm−2 s−1 (or, an integrated luminosity of
∼ 8 ab−1 per year, for a nominal year of 107 s) [41], we consider two representative15 values
of the total integrated luminosity, namely L = 1 ab−1 and 5 ab−1, allowing us to obtain
the corresponding reach/sensitivity of the experiment. This is displayed, in the form of 3σ
contours in the mφ − Λ plane, in Fig. 5.
That the sensitivity to operators Ofs,p are much higher than that to the rest is but a
reflection of the fact that the former are only dimension-five, while the rest are dimension-
six. Similarly, the insensitivity to the chirality structure (scalar versus pseudoscalar and
vector versus axial vector) can be understood by realizing that, with
√
s ≫ me, these
differences between the interactions would only have been manifested had we considered
polarized beams. Indeed, were a signal to be established, the use of polarization would be
invaluable in the unravelling of the underlying interaction.
The large sensitivity to operators Ofs,p renders this experiment one of the best for such
small DM masses. The fall-off formφ >∼ 3GeV is, of course, expected on kinematic grounds.
And while the sensitivity to operators Ov,a,γ,γ˜ are not as high, it is still better than that
achievable at other current collider experiments. Although, naively, it could be argued that
new physics at Λ ∼ 250GeV should have been visible at, say the LHC, this is not necessarily
true if the DM were hadrophobic. At a future high-energy linear collider, however, even
such a scenario should be manifestly visible.
We now comment on the apparent lack of full SU(2) ⊗ U(1) symmetry of the Ofs,p
operators. As has been remarked earlier, this symmetry can be restored if we consider,
instead, operators of the form
Ofs →
ξf
Λ2
HSM φ
†φ f¯f (4.8)
and, analogously, for Ofp . Here HSM is the SM Higgs field. Post electroweak symmetry
breaking, the relevant piece of the Lagrangian can be written as
Ofs ⊃
Ĉfs
Λ
φ†φ f¯f , Ĉfs ≡ ξf v
Λ
,
14It might be argued that, for larger Eγ the energy resolution—see eq.4.4—is comparable to the bin-width
used and that we should perhaps use bigger bins. However, with the number of events being small for such
Eγ values, the contribution of such bins to the χ
2 is small anyway. We have checked that a sliding binsize
does not alter the results in a significant manner.
15Clearly, these choices are conservative and correspond to the initial phase.
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where v = 〈H0SM〉 is the symmetry breaking scale. If we assume that ξf is comparable to
the usual fermion Yukawa coupling, Ĉfs would be tiny for the light fermions, rather than
O(1) as we have assumed. Consequently, the sensitivity to Λ reduces enormously. Indeed,
sensitivity to Λ > 10GeV (a must for the effective theory paradigm to be valid at Belle)
requires an integrated luminosity >∼ 8 ab−1. While ref.[42] claims a much better sensitivity
for low luminosities, note that they seek to benefit from an enhanced coupling to the charm
quark by looking at e+e− → φ+ φ∗ + J/ψ or e+e− → φ+ φ∗ + ηc. Moreover, they do not
admit any systematic errors (with the large cross sections they have, their statistical errors
are relatively small and they, too, would have been systematics-limited had they been as
conservative as we are and assumed an error of 2% on this account. Nonetheless, for an
integrated luminosity of 50 ab−1, the sensitivity of our (monophoton) mode is only a factor
of ∼ 1.5 worse than us, and hence this mode constitutes an important additional probe.
Note, further, that the J/ψ (or ηc) modes are kinematically inaccessible for mφ >∼ 3GeV,
and the monophoton mode would be the best bet for such masses.
Since the reduced sensitivity is a consequence of our having assumed that ξf are of
the order of the usual Yukawa couplings, it is interesting to consider the opposite case of
ξf ∼ O(1) instead. Such a situation could transpire if the operator of eq.(4.8) were the
result of some strong dynamics. For such a case, the consequent bounds on Λ would be
only marginally weaker than those on the corresponding dimension-5 operator of eq.(2.1).
A more interesting outcome of such a value for ξf would be a four-body decay of the form
H0 → φ+ φ∗ + f + f¯ .
While these rates are far smaller than those for the two-body decay modes, they are signif-
icantly larger than the SM rates for H0 → νi+ ν¯i+ f + f¯ . Although they are still too small
to have been identified at the LHC (with a further experimental complication on account
of the spread in the invariant mass of the f f¯ pair), it would be interesting to look for these
as the integrated luminosity mounts.
Finally, if φ were a real scalar field (rather than a complex one) with identically defined
couplings, the cross sections would be larger by a factor of two (owing to there being two
identical particles in the final state). Consequently, for a givenmφ, the constraints on Λrealφ
would be a factor of
√
2 (21/4) stronger for the analogues of operators Ofs,p (Ofγ,γ˜).
5 Direct Detection
The ambient (in the vicinity of the earth) density of DM can, in principle, be probed through
their interaction with terrestrial detectors. The sensitivity, of course, would be dependent
not only on the experimental configuration, but also on the profile of the DM distribution in
the immediate neighbourhood, not only in terms of the density but also in terms of velocity.
Several such profiles have been extensively studied in the literature [43, 44]. Fortunately
though, the differences are stark only close to the galactic center, while at the periphery,
they are quite similar. Consequently, for the rest of the section, we will make use of the
following standard assumptions: a Maxwell-Boltzmann velocity distribution with its high-
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velocity tail truncated at the galactic escape velocity of 544 km/s, a local velocity dispersion
of the DM halo, vrms =270 km/s, and a local dark matter density of 0.3–0.4 GeV/cm
3.
Such experiments, typically, involve using a bolometric device working at a very low
temperature (so as to eliminate thermal noise to the maximum extent possible). With the
WIMP-nucleus cross sections being much larger than WIMP-electron ones (for similar-sized
couplings), these experiments are much more sensitive to the former, to the extent of often
neglecting bounds on the latter. For example, the nucleon collision cross sections for a
DM with a mass in the 0.5–5 GeV range is severely constrained by the CRESST-II [45]
experiment. On the other hand, for masses below 1 GeV, the typical recoil energy is lower
than the detector thresholds, rendering such experiments quite insensitive.
In the case DM is hadrophobic, its interaction with the detector material would proceed
primarily through its interaction with the electrons therein and this is what we would
start this section with. However, we shall end our analysis with the study of nucleon-DM
interaction, which will be relevant if DM interacts with quarks also.
5.1 DM scattering off electrons
Even for masses below 1 GeV, DM scattering off electron can lead to a measurable signal.
Consequently, many experiments (including those for which the primary mode is a different
one) have investigated this, for example, in the context of inelastic electron scattering
leading to ionization of atoms. For semiconductor targets, excitation of an electron to above
the band gap is also of interest. Sensitivity of these kind of processes has been studied in
context of XENON10 detector in Ref.[46]. The rate for such processes are dependent on
three factors: the ionization form factor, the elastic WIMP-electron cross section and the
density profile for the DM particle.
To begin with, we consider the leading elastic WIMP-electron cross sections for the
operators in eq.(2.1). These are
σφe(Ofs ) =
m2e
4πΛ2(mφ +me)2
σφe(Ofv ) =
m2em
2
φ
πΛ4(mφ +me)2
,
(5.1)
whereas, for the other operators (in eq.2.1) involving the electron, the cross sections are
further suppressed by powers of the velocity v of the DM. Since, near earth, we only have
v ∼ 10−3 (in units of the velocity of light), these are negligibly small.
Naively, it might seem that the two operators involving the photon (namely, Oγ and
Oγ˜) would trivially escape any constraints emanating from electron-DM scattering. How-
ever, at the one-loop level, (ostensibly dimension-5) φφ∗e+e− effective operators Oes,p(eff.)
corresponding to Oγ,γ˜ are generated yielding
Oes(eff.) =
ĈeγΛ2
φ∗φ e¯e
Oep(eff.) =
Ĉeγ˜Λ2
φ∗φ e¯γ5e ,
(5.2)
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where the Wilson coefficients Ĉeγ,γ˜(for Cγ,γ˜ = 1) are both given by (see Appendix B for
details)
Ĉeγ,γ˜ =
−3meαem
π
ln
Λ2
q2
. (5.3)
The loop has to be calculated using a gauge-invariant regularization procedure such as
Pauli-Villars or the dimensional (calculating in 4 − ǫ dimensions) method and we choose
to use the latter. The ubiquitous factor of (2/ǫ − γE) has been traded, as usual, for the
logarithmic factor. Note that, compared to the electron-DM operators in eq.(2.1), these
have an extra factor of me/Λ. The overall factor of Λ
−2 is, of course, a legacy of the
“tree-level” φφ∗γγ parent. The factor of me, on the other hand, appears as a chirality
flip is essential for the fermions to couple to the (scalar) DM. The Wilson coefficients,
understandably, are dependent on momentum transfer q. It has been argued [47] that the
appropriate scale is that operative for atomic transitions, namely q = αemme. Note that
such a choice also serves to enhance the sensitivity of these experiments. The calculation
of the elastic WIMP-electron cross section is now straightforward and yields
σφe(Oγ) =
(Ĉeγ me)2
4πΛ4(mφ +me)2
, (5.4)
and identically for Oγ˜ .
Using values of (mφ,Λ) that reproduce the Planck measurements of the relic density
(see Fig. 1), we present, in Fig 6(a), the DM-electron elastic cross sections. Also presented,
for comparison, are the XENON10 results. It might seem paradoxical that the cross sections
for Ofv are larger than those for Ofs despite the p-wave suppression (see eqn. 5.1). However,
note that Λ(Ofv ) ≪ Λ(Ofs ), owing to a similar p-wave suppression in DM -annihilation.
This more than makes up for the extra factor of m2φ/Λ
2 in eqn.5.1.
Note that we have used Λ-values corresponding to the case of the democratic coupling.
Had we considered a leptophilic DM instead, the value of Λmax for each of Ofs,v would have
been smaller by a factor ranging between 1.5–2 for the mφ values of interest. This would
translate to an increase in the cross sections. However, as Fig.6 shows, the cross-sections
for Ofs would still continue to be below the XENON10 level. On the other hand, those
for Ofv would start being comparable to the experimental upper bounds; in particular, the
range ∼5–150 MeV is already ruled out for such a theory. It should also be remembered
that while the relic density constraint imposes an upper bound on Λ, the direct detection
experiments impose a lower one. Thus, with only a little improvement, these experiments,
would start to rule out the parameter space allowed by relic density.
5.2 DM scattering off nucleons
For a DM with a mass greater than 0.5 GeV, the parameter space can be constrained using
the negative results of the CRESST-II experiment. To this end, we begin by evaluating the
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Figure 6: Scattering cross-sections of DM on free electron and nucleon σ (φ+ e−/N → φ+ e−/N)
are depicted. Exclusion plots from XENON10 and CRESST-II at 90% C.L. for the case of a) DM-
electron scattering and b) DM-nucleon scattering are also shown.
nuclear matrix elements 〈N |Of |N〉 for all the operators at a scale µ =1 GeV. This leads to
σφN (Ofs ) =
F 2s,Nm
2
N
4πΛ2(mφ +mN )2
σφN (Ofv ) =
F 2v,Nm
2
Nm
2
φ
πΛ4(mφ +mN )2
(5.5)
where mN is the mass of the nucleon. The induced coupling constants Fs,N and Fv,N
parametrizing the effective DM-nucleon interaction are given by
Fs,N = Cfs
∑
all quarks
Fs,q = Cfs
 ∑
all quarks
fNq
mN
mq
 (5.6)
Fv,N = 3 Cfv (5.7)
where mq denotes the mass of quark, while f
N
q are the proton form factors. The latter can
be calculated within various different frameworks, with chiral perturbation theory giving
some of the best results. For example, the proton form factors are fpu = 0.017, f
p
d = 0.036,
fps = 0.043, f
p
c,b,t =
2
27 (1−
∑
q=u,d,s f
p
q ) = 0.067 as calculated at µ =1GeV [48].
As for interactions mediated by a photon(s), the DM can scatter off a single nucleon
as well as an entire nucleus [49, 50]. Let us begin by focussing on the former, especially
on the DM-nucleon interaction generated on account of a DM-photon vertex. At the one
loop level, the effective operators Oqs,p(eff.) would be generated, just as in the case of the
electrons (see eq.5.2). The expressions for the corresponding Wilson coefficients Ĉqγ,γ˜ would
be exactly identical to those in eq.(5.3), apart from a multipicative factor of Q2q where Qq
is the charge of the quark under consideration. Quite apart from this, the DM can also
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interact with the entire nucleus via the exchange of two virtual photons[50]. This coherent
scattering implies that the (two-photon) amplitude must scale as Z2 where Z is the atomic
number of the nucleus under consideration. Scaling down this amplitude by a factor of
A (the atomic weight) would then give us the average nucleon-DM amplitude. Using the
results of Ref.[50] the induced operator for DM-nucleon Rayleigh scattering can, then, be
parametrized as
ORay ≃ 2
√
2
π
Cγ αemZ2Q0
AΛ2
FRay(q¯)φ
∗φ N¯N (5.8)
where q¯ ≡ q/Q0 with q being the momentum transfer and the nuclear coherence scale
Q0 ∼ 0.48(0.3 + 0.89A1/3)−1GeV. The function FRay(q¯) is defined as [50]
FRay(q¯) = −
√
2
π
∫ 1
0
dx
∫ ∞
0
dl
l2
(l2 + q¯2(1− x)x)2 exp
[−2 (l2 − q¯2 ((1− x)x− 12))]
×
[
cosh (2lq¯ (1− 2x))− l
2 − q¯2(1− x)x+ 12
lq¯ (1− 2x) sinh (2lq¯ (1− 2x))
]
,
(5.9)
The two amplitudes—those due to Oqs(eff.) and ORay—add coherently, and, together, yield
σφN (Oγ) =
F 2γ,Nm
2
N
4πΛ4(mφ +mN )2
(5.10)
where
Fγ,N =
 ∑
q=u,d,s
fpq
mN
mq
+
∑
q=c,b,t
fpq
mN
mq
 Ĉqγ,γ˜ + 2
√
2
π
Cγ αemZ2Q0
A
FRay . (5.11)
The CRESST-II experiment uses cryogenic detectors to search for nuclear recoil events
induced by the elastic scattering of dark matter particles in calcium tungstate crystals. With
the DM-nucleus scattering cross section being proportional to m2A, the naive expectation
is that the dominant contribution to the scattering off a CaWO4 molecule would be that
due to the tungsten nucleus. On the other hand, the energy transferred in a scattering
event is approximately q2/(2mA), where the transferred momentum q ≈ mφ vφ. For large
mA, this would fall below the detector threshold energy, which, in this case is ≈ 307 eV.
Consequently, a large fraction of the events corresponding to scattering off tungsten and
a slightly smaller (yet large) fraction of those off calcium nuclei would not be regstered.
Acting in concert with this is the fact of there being four times as many oxygen nuclei as
the others. Thus, using Z = 8 in the formulae above is a very good approximation and is
in very good agreement with the simulations for DM-nucleus scattering given in Fig. 7 of
ref [45].
The consequent size of the Rayleigh scattering contribution to the amplitude is smaller
as compared to that induced by Oqs(eff.). Moreover, they interfere destructively. Using
values of (mφ,Λ) that satisfy the relic density measurements (Fig. 1), we present the DM-
nucleon elastic cross sections for all the operators in Fig 6(b). As is immediately apparent,
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constraints from the CRESST-II results are very weak for mφ <∼ 400MeV and essentially
irrelevant. This is but a reflection of the fact that such light DM particles cannot transfer
sufficient energy to the nucleon for the event to register. Moreover, even formφ >∼ 400MeV,
the operators Oγ,γ˜ continue to escape the bounds from CRESST-II. So would be the case
for fermionic operators that do not involve the light quark fields (a hadrophobic DM).
6 Summary and Conclusions
In this work, we have systematically investigated the interactions of a light scalar DM parti-
cle with the SM sector within the framework of effective field theory. This entails examining
the constraints imposed by not only the astrophysical/cosmological observations such as the
CMB power spectrum, the deduced value of the relic abundance as well as the comparison
of the photon and neutrino temperatures, but also those obtained from nonobservation at
dedicated indirect and direct detection experiments (such as XENON100 and CRESST-II).
Allied to these are limits obtainable at current and future collider experiments such as
Belle-II. We summarize and compare the results in Fig.7.
The cosmologically deduced value of the relic density (ΩDM h
2) imposes strict upper
limits on the scale Λ of the effective field theory, as a higher value of Λ would imply a
smaller DM annihiliation cross section, and, hence, a larger abundance. For the dimension-
6 operators under consideration, we have Λ ∝ √mφ so as to produce the right abundance,
while, for the dimension-5 operators, Λ ∼ 104GeV with only a weak dependence on mφ.
The value of Λmax corresponding to the dimension-6 operators might, at the first sight,
seem too low to have escaped detection in terrestrial experiments. However. this is not
quite so as we also demonstrate.
A competing constraint emanates from the shape of the CMB spectrum. The lack of
significant distortions in the same puts an upper limit on the rate of DM annihilation (Pann)
to, for example, e± or photon-pairs. The lower limit on Λ that this translates to is, often,
in contradiction with the aforementioned values of Λmax. (In fact, as Fig.7 demonstrates,
this tension is released only for the (axial-)vector current operators.) These two opposing
constraints, thus, seemingly rule out such a light DM (within the ambit of an effective
theory). It should be realised, though, that such a conclusion depends crucially on the
assumption that, in the early universe, the DM was in exact thermal equilibrium with the
SM sector. If this restriction is released, or, in other words, a non-thermal initial condition
on the DM allowed for, the constraints from Pann are eased sufficiently enough to permit a
large overlap with the parameter space allowed by ΩDM.
An orthogonal constraint emanates from the requirement that the annihilation of the
DM does not significantly alter the ratio of the neutrino and photon temperatures, an
observable often recast as Neff (or, the effective number of neutrino-like species). For the
effective Lagrangians under consideration, once the requirment of reproducing the right
relic abundance is imposed, the freeze-out temperature Tf ∼ d1mφ exp(mφ/d2) with the
constants d1,2 being only very weakly dependent on the exact nature of the current-current
structure. A consequence is that the constraints are strong only for mφ <∼ 6MeV, as for
higher values of mφ, the bulk of the entropy transfer to the plasma, takes place before
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Figure 7: Combined constraints and Belle-II sensitivity (99% C.L.) for different operators: a)
Ofs (complex scalar) b) Ofv (complex scalar) c) Oγγ˜(complex scalar) d) Ofs (real scalar). The limits
for Ofp and Ofa are almost indistinguishable from those for Ofs and Ofv . Relic abundance allows the
area below the dotted red line, while Belle-II (with 5 ab−1) will be able to rule out the area below
the solid red line at 99% C.L. The area to the right of the dashed blue line is ruled out by the
CRESST-II results (this restriction being inapplicable for hadrophobic DM). If the DM started out
in thermal equilibrium with the SM particles, the CMB observations restricts the parameter space
to the blue area alone, while the ratio of neutrino and photon temperature rules out mφ < 6MeV.
(For nonthermal DM, neither constraint is applicable.) For Ofp and Ofa CRESST-II constraints are
too weak to be relevant.
T ≈ mφ/3, and, hence, before the neutrinos have decoupled. Even this constraint (for
mφ <∼ 6MeV) can be evaded if the DM had a non-thermal origin. However, with the
dynamics of such DM being very sensitive to the spectrum and the structure of the theory,
it does not easily lend itself to the effective Lagrangian treatment.
A DM particle with unsuppressed couplings to the electron or to the photon can be
looked for, at an e± collider, in the monophoton (with missing energy) channel. In fact,
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at a low-energy facility such as the Belle-II, this is indeed the most sensitive channel16.
In Fig.7, we also depict the consequent 99% C.L. exclusion contours that can be imposed
on the parameter space. Based on a χ2 comparison of the one-dimensional normalized
differential kinematic distributions (given in Fig.4) with a very conservative systematic error
of 2% added in quadrature to the statistical uncertainties corresponding to an integrated
luminosity of 1–5 ab−1, the sensitivity is robust and pronounced.
We find that a substantial fraction of the parameter space can be probed by the Belle-II
experiment. And while the sensitivity limits obtained here are independent of the details
of the ultraviolet completion, they are certainly dependent on the tensorial structure of
the effective current-current interaction. In particular, in the event of a positive signature,
the phase space distributions would distinguish between different interaction Lagrangians.
Furthermore, not only can Belle-II discover thermal DM candidates in the parameter range
that is allowed as of now, it can also access parameter space that is not amenable to a
thermal DM explanation. In this sense, a discovery by Belle can, in principle, shed light on
the mechanism of DM production and sustenance in the early universe.
Finally, in a fashion similar to collider experiments, direct detection experiments such
as CRESST-II can also be used to constrain the effective Lagrangian for the DM. While a
naive reading of the negative results at this particular experiment would seem to suggest
that a DM governed by this effective Lagrangian and reproducing the correct relic density
must satisfy mφ <∼ 0.5GeV, this conclusion too can be evaded, for example, if the DM
were hadrophobic. On the other hand, the channel at the Belle-II that we propose would
be unaffected by such an assumption. In other words, such experiments offer a welcome
complementarity of sensitivities.
A Appendix A
For any observable f(p1, p2, . . . , pn), constructed of the momenta of n particles of a gas at
equilibrium, the thermal average is given by
〈f〉 =
∫
d3p1
(2π)3
· · ·
∫
d3pn
(2π)3
e(−
∑
i Ei/kBT) f(p1, p2, . . . , pn)∫
d3p1
(2π)3
· · ·
∫
d3pn
(2π)3
e(−
∑
i Ei/kBT)
,
where Ei is the energy of the i’th particle. For a single non-relativistic species,
Ei ≃ m+ p
2
i
2m
≃ m+ mv
2
i
2
.
Defining the relative velocity between two particles as
vrel ≡ ~v1 − ~v2 , (A.1)
16The bounds derived in ref.[42] using the e+e− → J/ψ + missing energy channel are indeed much
stronger. Note, however, that the authors posit a much stronger interaction of the DM particle with the
charm quark than with the electron.
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we have
〈v2rel〉 =
∫
d3v1 d
3v2 exp
(−m (v21 + v22)
2 kB T
)
|~v1 − ~v2|2∫
d3v1 d
3v2 exp
(−m (v21 + v22)
2 kB T
)
Henceforth, we choose kB = 1. Effecting a change of variables, namely
(~v1, ~v2)→
(
~vrel, ~vcm ≡ ~v1 + ~v2
2
)
,
the Jacobian is unity, and
〈v2rel〉 =
∫
d3vcm d
3vrel v
2
rel exp
[
(−m/T ) (v2cm + v2rel/4)]∫
d3vcm d3vrel exp
[
(−m/T ) (v2cm + v2rel/4)]
=
∫
dvrel v
4
rel exp
[−mv2rel/4T ]∫
dvrel v
2
rel exp
[−mv2rel/4T ]
=
6T
m
.
(A.2)
Similarly,
〈v4rel〉 =
∫
dvrel v
6
rel exp
[−mv2rel/4T ]∫
dvrel v
2
rel exp
[−mv2rel/4T ] = 60T
2
m2
. (A.3)
B Appendix B
We consider here the effective φ∗φf¯f coupling induced, at the one-loop level, by a “tree-
level” φ∗φγγ coupling. The corresponding diagram is
✣✭♣
✸
✮
✣✭♣
✶
✮
✚
✗
✛
✖
❢
✭♣
✷
✮
❢
✭♣
✹
✮
Denoting q = p1 − p3 = p4 − p2, the photon momenta in the loop above are q/2 ± k and
– 27 –
the integral is
iM = 4 i
Λ2
∫
d4k
(2π)4
u¯4 (−i e qf γµ) i
/p4 − /q/2 + /k −m
(−i e qf γν)u2 (−ig
νρ)
(q/2 + k)2
−igµσ
(q/2− k)2[(q
2
+ k
)
σ
(q
2
− k
)
ρ
−
(
q2
4
− k2
)
gρσ
]
=
−4 e2 q2f
Λ2
∫
d4k
(2π)4
u¯4 γσ (/p4 − /q/2 + /k +m) γρ u2
[(p4 − q/2 + k)2 −m2] (q/2 + k)2(q/2− k)2[(q
2
+ k
)
σ
(q
2
− k
)
ρ
−
(
q2
4
− k2
)
gρσ
]
,
(B.1)
where we have used Cγ = 1 and Cγ˜ = 0. Using Feynman parametrization, we may write{[(
p4 − q
2
+ k
)2 −m2] (q
2
+ k
)2 (q
2
− k
)2}−1
= 2
∫ 1
0
dx
∫ (1−x)
0
dy
1
D3
where
D = x
(q
2
+ k
)2
+ y
(q
2
− k
)2
+ (1− x− y)
[(
p4 − q
2
+ k
)2 −m2]
= (k + a)2 −∆
aµ ≡ kµ + (1− x− y) p4µ + 2x− 1
2
qµ
∆ ≡ (1− x− y) q · p4 − aµaµ
where, for the sake of simplicity, we have set the external fermion to be on-shell (p24 = m
2).
Thus, the integral can be written as
M = 8 i e
2 q2f
Λ2
∫ 1
0
dx
∫ (1−x)
0
dy
∫
d4k
(2π)4
N1 +N2
[(k + a)2 −∆]3
N1 ≡
[
u¯4 γ
α
{
γβ
(
p4 − q
2
+ k
)
β
+m
}
γρ u2
] (q
2
+ k
)
α
(q
2
− k
)
ρ
N2 = 2 u¯4
(
/p4 −
/q
2
+ /k +m
)
u2
(
q2
4
− k2
)
= 2
(
q2
4
− k2
)
u¯4 (/k + 2m) u2
(B.2)
Quite expectedly, the integral is quadratically divergent. Consequently, we shall effect a
dimensional regularization, working in d (= 4− ǫ) dimensions. We can, then, effect a Wick-
rotation (kµ → kEµ ≡ lµ) followed by a shifting of the integration variable. This leads
to
M = 8 e
2 q2f
Λ2
∫ 1
0
dx
∫ (1−x)
0
dy
∫
ddl
(2π)d
N1 +N2
(l2 +∆)3
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Retaining only those terms in the numerator that lead to divergent terms, we have
N1 −→
(
2 + d
d
(1− x− y)− 2
d
)
ml2 [u¯4 u2] + finite
N2 −→ 2
(
(2 + d)
d
(1− x− y)− 2
)
ml2 [u¯4 u2] + finite
Finally, we have,
M = −3mq
2
f αem
πΛ2
(
2
ǫ
− γE
)
[u¯4 u2] + finite.
In other words, a quantum of the operator Ofs is generated. Here the factor of m can be
understood from the need effect a chirality flip. It should be noted that even Ofv would
be generated, and without the factor of m. However, this would arise only from the finite
pieces of the integral and, hence, would be suppressed. Effecting the usual replacement for
the (2/ǫ − γE) factor, we finally have
Cfs (eff.) =
−3mq2f αem
πΛ2
ln
Λ2
µ2
(B.3)
where µ is the momentum scale of interest.
Had we started from Oγ˜ with Cγ˜ = 1 instead, we would have had
Cfp (eff.) =
−3mq2f αem
πΛ2
ln
Λ2
µ2
(B.4)
Once again, a suppressed but nonzero Cfa (eff.) would also be generated.
In a similar vein, starting with the fermion operators, one could, analogously, generate
Cγ,γ˜(eff.) as well.
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